2 from 187 to 715, there is a 24-57% increase in the Nusselt number for the interrupted microchannel heat sinks with ribs, while the friction factor increased by 3-70%, comparing with the straight microchannel heat sink. Finally, based on the performance evaluation criteria, the performance of such microchannel heat sink has been comprehensively evaluated. Results shows that for the studied Reynolds number range and microchannel geometries in this paper, the interrupted microchannel heat sink with ellipsoidal ribs in the transverse microchambers shows the best heat transfer performance, with maximum 1.39 of performance evaluation criteria.
Introduction
Microchannel heat sinks are currently widely used for the high heat flux applications such as electronics cooling, due to their advantages such as compactness, light weight and higher heat transfer surface area to fluid volume ratio compared with other macroscale systems [1] . Moreover, several techniques of enhancing the heat transfer performance of micro/minichannel heat exchanger have been studied, in order to deal with the cooling problems of electric power and electronic equipment with high heat flux [2] . Among these methods, to interrupt the thermal boundary layer, to induce the mainstream separation, and to enhance mixing of cold and hot fluid are significant means to enhance heat transfer in microscale [3] . 3 In recent years, Xu et al. [4, 5] have experimentally and numerically investigated the interrupted microchannel heat transfer enhancement using the thermal boundary layer redeveloping concept. Their interrupted microchannel heat sink consisted of a set of separated zones adjoining shortened parallel microchannels and transverse microchambers (the regions between the separated parallel microchannel zones). The transverse microchamber was used to separate the whole flow length into several independent zones. They found that the computed hydraulic and thermal boundary layers were redeveloping in each separated zone due to the shortened flow length for the interrupted microchannel heat sink, and the periodic thermal developing flow was responsible for the significant heat transfer enhancement. Chai et al. [6, 7] experimentally and numerically studied the pressure drop and heat transfer characteristics of microchannel heat sinks with periodic expansion-constriction cross-sections.
Each heat sink consisted of 10 parallel microchannels with 0.1 mm wide and 0.2 mm deep in constant cross-section region and each microchannel consisted of an array of periodic expansion-constriction cross-sections (fan-shape and triangular reentrant cavities). Their results indicated that their proposed microchannel heat sinks could significantly improve heat transfer performance with an acceptable pressure drop compared to the bare straight microchannel heat sink and the heat transfer enhancement mechanisms could attribute to the interruption of boundary layer formation, establishment of secondary flow and provision of more surface area. Xia et al. [8, 9] numerically investigated the effect of geometric parameters on water flow and heat transfer characteristics in two types of microchannel heat sink, respectively with fan-shape and triangular reentrant cavities. The studied geometric parameters included the length, width and height of the reentrant cavity, and the space 4 between two adjoining reentrant cavities. They found that these geometric parameters had a significant influence on the pressure drop and heat transfer characteristics. Based on the performance evaluation criteria, the optimal geometric parameters were obtained and the maximum 1.62 could be reached comparing with the straight microchannel heat sink. Cheng [10] numerically studied the laminar flow and heat transfer in a stacked two-layer microchannel heat sink with multiple passive microstructures. He found that the enhanced mixing mechanism of cold and hot fluid could lead to better heat transfer and lower thermal resistance. Therefore, the stacked microchannel with passive structures had better heat transfer performance than the smooth microchannel. Abed et al. [11] carried out a combined experimental and numerical investigation to study the characteristics of laminar flow and forced convection heat transfer in a square cross-section wavy serpentine microchannel with the upper wall insulated and other side walls held at constant temperature. They found that the growth of secondary-flow vortices promoted fluid mixing in the serpentine microchannel and led to an enhancement of the convective heat transfer relative to a straight microchannel.
Hong and Cheng [12] numerically investigated the laminar forced convection of water in offset strip-fin microchannel network heat sinks for microelectronic cooling, with a three-dimensional mathematical model consisting of N-S equations and energy conservation equation with the conjugate heat transfer between the heat sink base and liquid coolant. They found that due to the periodical change of the flow direction, the convective heat transfer was enhanced by mixing the cold and hot coolant, and the periodical breakup of boundary layer was another factor to enhance heat transfer. Foong et al. [13] presented a three-dimensional numerical simulation to investigate the fluid flow and heat transfer characteristics of a square 5 microchannel with four longitudinal internal fins. They concluded that the internal fins in a microchannel had the potential to provide heat transfer augmentation. The internal fins could lead to the development of the thermal boundary layer, better flow mixing, steeper velocity gradient at the heated surface, and increased surface heat transfer coefficient and Nusselt number. Ebrahimi et al. [14] numerically investigated the liquid flow and conjugated heat transfer performance of single phase laminar flow in rectangular microchannels equipped with longitudinal vortex generators (LVGs). Five different configurations of the microchannel with different angles of attack of the LVGs were considered. The results showed that for Reynolds number ranged from 100 to 1100, there was a 2-25% increase in the Nusselt number for microchannels with LVGs, while the friction factor increased by 4-30%.
Based on the methods used for heat transfer enhancement in microchannels mentioned in the above literatures, Chai et al. [3] introduced the staggered rectangular ribs into the transverse microchambers for the interrupted microchannel, considering the rectangular rib not only induced the mainstream separation, but also enhanced the convective fluid mixing of cold and hot fluid. Further, Chai et al. [15] introduces the offset ribs to the two opposite channel sidewalls for rectangular microchannel heat sink, with the purposes to provide shorter length required for repeated thermal developing flow, to work as micromixers or baffles for better mixing of cold and hot fluid, to be easily manufactured by micro machining method, and with higher reliability than the active measures. They found that different offset ribs resulted in different heat transfer performance. The microchannel heat sink with forward triangular offset ribs performed best as Reynolds numbers lower than 350, and the one with semicircular offset ribs yielded the best performance as Reynolds numbers higher than 400. In 6 order to obtain the insight into the fluid flow and heat transfer mechanisms and present a systematic and detailed analysis for the interrupted microchannel heat sink, the present paper focuses on the different rib configurations in the transverse microchambers for the interrupted microchannel heat sink, including rectangular, backward triangular, diamond, forward triangular and ellipsoidal, to check their influences on pressure drop and heat transfer characteristics.
Computational method

Conservation equations
In order to simplify the modelling simulation, the following assumptions are employed:
(1) developing flow and heat transfer in microchannels, (2) 
Energy equation
For the solid
where ρ is density, μ is dynamic viscosity, cp is specific heat capacity, k is thermal conductivity, x1, x2 and x3 are x, y and z coordinates, respectively, as shown in Fig. 1a .
Subscripts f and s refer to fluid and solid, respectively.
Computational domain and boundary conditions
For the periodic structure of the microchannel heat sinks along the transverse direction (y direction in Fig. 1 ), Chai et al. [16] developed two three-dimensional heat transfer models to simulate laminar flow and heat transfer, one with single channel and the other with the whole heat sink as the computational domain. They found that there was just a little difference for pressure drop and heat transfer between the two models. Further, for reducing the number of the grid points and the calculation time for the periodic structure, Cheng [10] , Sakanova et al.
[17] and Xie et al. [18] used the single channel as the computational domain. From literature [3] , it can be seen that the interrupted microchannel heat sinks have the periodic structure along the transverse direction, so to save the computation time and take advantage of The associated boundary conditions are set as follows. The fluid velocity at the microchannel inlet is assumed uniform x = 0: uf = uin and Tf = Tin (5) where uin and Tin are the given fluid velocity and temperature at the channel inlet. At the channel outlet, a pressure-outlet boundary condition is applied
where pout is the given pressure. For the inner wall/ fluid contact surface,
where n is the local coordinate normal to the wall. At the substrate of computational domain,
At the two sides of the computational domain,
For other surfaces,
The parameters used in this study are in the following ranges: uin = 1-5 m·s . The fluid and solid are deionized water and silicon, respectively. The thermo-physical properties of water including ρf, μf, cpf and kf depend on temperatures in accordance to Incropera [19] , and the thermal conductivity of silicon ks is set as a constant of 148 W·m -1 ·K -1 in the computations.
Solution methods and convergence criteria
The governing equations were solved using the finite volume based computational fluid dynamics solver ANSYS FLUENT 12.0. The SIMPLEC algorithm is applied to solve the governing differential equations for the velocity, pressure and temperature fields in the control volume. The standard discretization scheme is used in the modeling following the second order upwind of the momentum and energy discretization. For the interrupted microchannels, an unstructured mesh based on rectangular grid elements is utilized. The solutions were considered to be converged when the normalized residual values were less than 10 -6 for all variables. The numerical code is verified in a number of ways to ensure the validity. For every microchannel heat sink, a grid independence test is conducted using several different mesh 
Data acquisition
Parameters characterizing the fluid flow and heat transfer in the microchannels are of interest in the present work. The Reynolds number is defined as
where ρf is the volume average fluid density, μf is the mass average fluid dynamic viscosity.
Ignoring the difference in the microchambers due to the changes in the flow passages, the average flow velocity um and the hydraulic diameter Dh are calculated based on the straight microchannel for the whole length, using the same definition as Xu et al. [4, 5] for the interrupted microchannels with the purpose of easy to compare and study the effect of microchamber in laminar flow and heat transfer characteristics. The ρf and μf are defined as
The local Fanning friction factor is given by
where pin is the mass-weighted average pressure in the microchannel inlet and px is the pressure in the x location. The pin and px are defined as
The average Fanning friction factor is given by
where L is the length of the interrupted microchannel heat sink, pout is the pressure in the microchannel outlet and assumed to be 0.
The local convective heat transfer coefficient and the local Nusselt number are defined as
where q represents heat flux at the heat sink base, A is the contact surface area of water and silicon for a single microchannel, W is the width of computational domain, kf is the mass average fluid thermal conductivity and defined as
Tw,x and Tf,x are the local heat sink base temperature and the local bulk fluid temperature, respectively, defined as
The average heat transfer coefficient and Nusselt number can be obtained by
In order to access the enhanced heat transfer surfaces in heat exchanger design, Webb [20] outlined detailed procedures to calculate the performance improvement and to select the optimum surface geometry. For the newly proposed interrupted microchannel heat sink, the performance evaluation criteria is defined as the ratio of the heat transfer coefficient of the new interrupted microchannels (have) to that of the conventional straight microchannel (have,0) at an equal pumping power. For a constant pumping power,
The relationship between the average friction factor and Reynolds number [21] can be expressed as where Nuave,0 and fave,0 respectively stand for Nusselt number and friction factor of the conventional straight microchannel. due to the Bernoulli Effect. As the flow vertically impinges the rib and fin (between microchannels) tips, the stagnation zones to occur. As the flow passage becomes diverging, flow recirculation is formed at the lateral edge of rib. As water flows out from the narrow passage, flow recirculation is formed at the rib and fin wakes due to the sudden expansion of flow passage. Figure 6 shows pressure fields at the second microchamber in the plane of z = 0.25 mm as Re = 441. As pointed out by Chai et al. [3] , there are three effects to determine the pressure distribution in microchamber with ribs, including Bernoulli effect, entrance and exit loss, and the stagnation or recirculation zone. The first two effects mainly caused by the changed flow passage, which has been studied by Xu et al. [5] and Hong and Cheng [12] , and the last effect mainly results from the rib geometry. It can be seen that the recirculation at the fin wake makes the flow passage to diverge very slowly, which leads to the slow pressure drop. 
as Re = 441. The x + is defined as x + = x/(DhRe). For the interrupted microchannels, the fxRe drops along the flow direction in the microchannel region and microchamber. As water flows into the next microchannel from microchamber, the fxRe increases quickly and then drops down due to the redeveloping laminar boundary layer. Fig.   9b shows the clearer variation of fxRe at the second microchamber. As water flows into the microchamber from microchannel, the fxRe drops without a sudden change, due to the gradual expansion of flow passage resulting from the recirculation zone developed at the fin wake. As water flows into the rib region from microchamber, there are rapid increases of fxRe for IMCHS-R and IMCHS-BT due to the sudden constriction of flow passage, and continual drop of fxRe for IMCHS-D, IMCHS-FT and IMCHS-E due to the gradually changed flow passage.
As water flows out of the rib region, the fxRe drops continually for all the interrupted microchannels. As water flows into the next microchannel, the fxRe increases near the microchannels inlet and drops down along the microchannel.
Different microchannel heat sink geometry leads to different velocity distribution and pressure field, and thus different heat transfer performance. Fig. 10a shows the variation of temperature Tw,x at the heat sink base (z = 0) along the flow direction as Re = 441. It can be seen that for the interrupted microchannel heat sinks, the maximum temperature at the base is much smaller than MCHS, especially for the heat sinks with ribs, suggesting the better heat transfer performance. It is noted that for the IMCHS, the Tw,x increases quickly as water flows into the microchamber from microchannel and drops rapidly as water flows into the next microchannel. The rapid increased temperature in microchamber region may burn the high heat flux equipment in actual applications. The deteriorated heat transfer performance in the microchamber region can solved by introducing the staggered ribs. The ribs in the microchamber can effectively suppresses the increase of Tw,x in the microchamber region and even make the Tw,x lower than the temperature in the upstream microchannel region as shown in Fig. 10a . The clearer local temperature variation of Tw,x corresponding to the second microchamber region is shown in Fig. 10b . It can be seen that the temperature is much lower for the microchannel heat sinks with ribs than the MCHS and IMCHS. For the interrupted microchannel heat sinks with ribs, the Tw,x just changes a little as water flows into the Before water flows into the next microchannel, the Nux starts to increase for the interrupted microchannel heat sinks with ribs. After a short distance away from the microchannel inlet, the Nux reaches the maximum and then decreases along the flow direction. 42 Fig. 13 
Overall pressure drop and heat transfer characteristics
